Fibrinogen is a protein being of prime importance for the initiation of clotting and thrombus formation, readily adsorbed onto surfaces presenting both hydrophilic and hydrophobic nature. The mechanism of adsorption, and thus the final presentation of this protein are therefore important for subsequent involvement for, for example, platelet adhesion. Biological activity can be controlled through careful consideration of material design; here we report kinetic assessment of fibrinogen adsorption onto plasma polymerised allylamine (hydrophilic) and hexane (hydrophobic) surfaces, using FTIR-ATR to inform on kinetics of adsorption, secondary structure evaluation, and orientational variation. Fibrinogen was found to respond differently to these two surfaces, adsorbing more rapidly to hydrophilic surfaces and losing an ordered secondary structure over a much longer timescale compared to hydrophobic surfaces.
Introduction
The interface between biological fluids and the surface of a material is of the utmost importance when considering the longevity and function of materials in such environments. Biological activity at this interface is dictated by the ability of the surface to support the adsorption of proteinatious materials. Adsorption of biological species (e.g., proteins/peptides) occurs rapidly upon interaction of the biological fluid with numerous surface cues acing in synergy, such as chemical functionality and nano-scale features, to control adsorption characteristics and activity of bound species. Surface engineering therefore plays a major part in the advancement of material function; the aim within the biological sciences is the production of designer materials that specifically control biological responses. Such materials have far-reaching impact, from the success of implantable or point-of-care biotechnology, designer materials for the reduction of hospital acquired infections, to advanced cell culture materials for optimised stem cell expansion and guided differentiation. The design of advanced materials towards achieving these goals is therefore of high commercial impact and of considerable economic and social value.
Protein molecules rapidly accumulate on surfaces, starting milliseconds after contact between the solid and biofluid. This is a highly dynamic process wherein protein molecules bind, rearrange, and detach. It is well accepted that surface parameters presented by materials dictate how rapidly and to what extent specific proteins adsorb; each parameter, such as chemical functionality or nano-structure, acts synergistically giving rise to a vast amount of batch processing required to fully understand even the simplest adsorption process from single protein containing systems [1] . The mechanism of interaction and the degree of influence the surface has on the adsorbed protein structure can be elucidated by following the adsorption process.
Surface chemistry dictates the initial interaction of species diffusing to the material surface. Pockets of localised charge (and/or polarisable group distribution) on the surface of protein molecules may drive adsorption, balancing electrostatic charge and interaction of hydrophobic moieties.
Conference Papers in Science
The concentration of protein solution from which adsorption is occurring has also been shown to have an impact on the packing orientation/conformation, likely due to intermolecular interaction during adsorption [2] . Depending on the strength of inner bonding holding the peptide secondary structure in conformation, and the overall protein-material affinity, the adsorbing molecule may deform (denature) to maximise binding efficiency. Therefore, it may be expected that protein structural change occurring during the adsorption process may dictate the presentation of the equilibrated protein layer. Adsorption therefore influences biological function, impacting the ability to interact/communicate with cell membrane receptors [3] .
Fibrinogen is a highly abundant plasma glycoprotein, being rod-shaped with a highly flexible ∼40 nm long axis. Primarily involved in the coagulation cascade, fibrinogen levels increase during inflammation, with high levels known to increase risk of coronary artery disease [4] and stroke [5] . Clearly materials design must be considering for those in contact with fibrinogen containing biofluids, particularly where thrombus formation could result in major adverse pathology. Surface coatings of plasma polymerised allylamine and hexanes are well used within the biomaterials community as model surfaces with which to present biologically relevant amine hydrophilic containing and hydrophobic hydrocarbon surfaces, respectively [6] . Here we report the kinetic investigation of fibrinogen onto these surfaces, taking into account the structural/orientational changes occurring during this process.
Experimental

Materials.
Fibrinogen was purchased as a lyophilised power (Enzyme Research, Swansea) and re-suspended in fresh PBS (Sigma, 200 mmol, pH 7.4) to a final concentration of 1.0 mg/mL immediately prior to use. Solutions were vortex stirred to ensure complete dissolution. Allylamine and hexane were purchased from Sigma and Fisher Scientific respectively, and used without further purification.
Methods
Surface Modification.
The surface of a 12-bounce zinc selenide attenuated total reflectance (ATR) crystal was briefly cleaned with acetone and isopropanol, air dried, and immediately placed in a Diener Electronic Femto plasma reactor. Allylamine was degassed immediately prior to use and mounted onto the monomer inlet port. Surface treatment was carried out at 0.1 mbar, igniting plasma at 20 W for 5 minutes. Surface characterisation was carried out using drop shape analysis of dH 2 O, dispensing 5 L drops onto the surface and capturing an image directly into Image J. FTIR was also carried out using the pre and posttreated ATR crystals as background and sample respectively.
Study of Kinetics.
Protein adsorption was followed on a Thermo Scientific IS50 FTIR spectrometer fitted with a 12-bounce ZnSe ATR. A background of PBS was taken immediately prior to addition of the protein solution, with an average of 64 scans being taken at 4 cm −1 resolution. Omnic Macros Basic was used to automatically collect sequential spectra every minute over ∼8 hours. Data was collected with analysis carried out in Omnic v9 and Excel. Amide I band peak fitting was carried out using Peak Resolve within Omnic, using previously reported values for component bands [2] .
Results and Discussion
Protein Accumulation on the Materials Surface during
Adsorption. A kinetic assessment of protein adsorption was carried out using FTIR-ATR. Over time the increase in absorbance bands indicative of protein was observed, with particular focus on the amide I and II bands, Figure 1 . The sequential spectra clearly show an increase in absorbance of all the major protein peaks, demonstrating the utility of this method for kinetic assessment of relative protein quantification during adsorption, whilst also collecting information on protein structure. An initial rapid increase was observed, progressively slowing over time. This trend has been observed by others using amide I and II as an indicator for relative adsorption of fibrinogen [7] .
Here we present data with respect to amide peak areas, Figure 2 . Little difference in noise levels was observed between amide I and II bands, on either plasma polymerised allylamine and hexane surfaces, used here as model hydrophilic and hydrophobic surfaces respectively. Fibrinogen adsorbed rapidly to both surfaces is an indication of a good interaction with regards to both the positively charged amine groups, whilst also indicating a hydrophobic interaction with the hexane surface.
Change in Secondary Structure and Orientation during
Adsorption. The amide I band is highly indicative of protein secondary structure, being a compound band of many component spectral carbonyl stretches. During adsorption the amide I bands of fibrinogen were found to change shape globally, with particularly visible differences at ∼1680 and 1645 cm −1 . These changes can be seen in Figure 1 , with an apparent decrease in FWHM over time. Component peak fitting of the amide I band highlights the variance in secondary structure over time. A gradual, but continual decrease in alpha-helical and beta-sheet structure and increase in more disordered beta-turn and open chain network was observed when fibrinogen adsorbed onto poly (allylamine), Figure 3 . In contrast, variation in secondary structure on plasma polymerised hexane was not observed after initial adsorption for 2 minutes. The formation of beta-sheet structure can be rationalised by the proportion of proline and glycine residues within fibrinogen, which are prone to forming betasheets [8] .
The ratio of amide I/II is also indicative of protein structural/orientational change. Although spectra displayed relatively unchanged ratio for fibrinogen adsorbing onto the allylamine surface, an initial decrease was observed during adsorption onto plasma polymerised hexane up to ∼100 minutes, Figure 4 . These data suggest progressive secondary structural changes in fibrinogen adsorbing to allylamine surfaces, with minor orientational change over the time studied here. Very rapid changes could possibly be occurring at the early stages as previously reported [2] , but are not observed here due to time scale of data acquisition. On plasma polymerised hexane surfaces, a rapid dislocation of fibrinogen secondary structure elements is observed during initial stages of adsorption, with an extended period of orientational relaxation.
Summary
Fibrinogen was found to adsorb rapidly onto both surfaces tested, although at a faster rate and in greater amounts onto plasma polymerised allylamine compared to hexane. Both amide I and II adsorption bands gave rise to similar adsorption kinetic curves, being good indicators of protein accumulation at surfaces. Although adsorption was rapid, changes in secondary structure were observed well after initial adsorption. Secondary structure changes were observed on allylamine-coated surfaces, whilst orientational variation was more pronounced on hexane surfaces. On hydrophilic allylamine surfaces a gradual decrease in ordered secondary structure is observed over the time of the experiments, suggesting that conformational equilibrium was not reached within this time. Fibrinogen adsorbing onto hydrophobic hexane surfaces, possibly having a stronger overall affinity for this surface due to hydrophobic interactions, become denatured very rapidly upon adsorption, with their ordered secondary structure steadily decreasing over time as relaxation occurs until the protein layer reaches equilibrium.
Conclusions
Changes in fibrinogen adsorption mechanisms are important when considering surface engineering aspects, in relation to the control or fibrinogen activity. The presentation of this molecular layer is essential to thrombus formation adjacent to materials, with both secondary structure and oriental characteristics likely dominating the biological activity at the surface. Further work is necessary to understand how each of these impacts fibrinogen's ability to effect coagulation and steer platelet adhesion. Such findings will continue to inform the development and assessment of biomaterials. 
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